Introduction 1
In amniotes (mammals, birds and reptiles), the neural tube is composed of a 2 neuroepithelium that forms through two processes along the anterior posterior (AP) axis. technique that directly visualizes SN precursors must be useful. 32
We previously used direct cell labeling in the embryonic chicken tail bud 33 (Shimokita & Takahashi, 2011) to show that SN-precursors are derived from a specific 1 region of the epiblast, called the presumptive SN (preSN). This preSN is located along 2 the midline posterior to the Hensen's node at Hamburger and Hamilton stage 8 (HH 8; 3 Fig. 1A-D) . The preSN at this stage is unique for two features. First, this specific region 4 of epiblast is not underlain by the primitive streak. Rather, the anterior end of the 5 primitive streak is apart posteriorly from the preSN by 200-250 µm (Fig. 1A) . Second, 6 the preSN lacks the underlying basement membrane, thereby allowing preSN-epithelial 7 cells to ingress by the epithelial-to-mesenchymal transition (EMT) in a manner similar 8 to mesodermal ingression from the primitive streak. Labeling either by DiI or by 9 EGFP-electroporation revealed that the preSN-derived ingressed cells constitute the tail 10 bud where they remain mesenchymal until they are incorporated into the secondary 11 neural tube (Shimokita & Takahashi, 2011) . Little or no mesodermal cells are derived 12 from the preSN region. 13
By extending these findings, we noticed that despite the massive elongation of 14 the secondary neural tube that continuously receives SN precursors, the amount of 15 labeled SN precursors in the tail bud remains constant as seen at HH14 (23ss) and 16 HH17 (30ss) (Fig. 1B-D) . This raised the possibility that SN precursors would possess a 17 self-renewing ability in the tail bud. In this study, we have tested this possibility by 18 following a precise delineation of the SN-fated cell population in the tail bud. We have 19
found that the SN-precursors in the tail bud are composed of two groups of cells, 20 self-renewing cells and neural-specified transitional cells. The SN precursor territory 21 including these two subpopulations expresses both Sox 2 and Brachyury, with the Sox 2 22 level decreasing posteriorly. This Sox 2 gradient plays roles in the regulation of SN 23 precursors in the tail bud. 24
25

Material and Methods 26
Chicken embryos 27
Fertilized chicken eggs were obtained from Shiroyama poultry farm 28 (Sagamihara, Japan). Embryos were staged according to Hamburger and Hamilton 29 To precisely locate the SN precursors and other lineages in the tail bud, we 7 labeled the preSN region by PKH 67 (green) and the anterior primitive streak by 8 PKH26 (red) in a single HH8 embryo having 6-somite (6ss). Dorsal views of these 9 embryos at HH14 (24ss) showed a domain of preSN-derived cells that was distinct from 10 that of anterior primitive streak-derived paraxial mesodermal precursors in the tail bud 11 (Fig. 1G-J, n=12 ). As expected, neither SN-nor paraxial 17 mesodermal precursors were found in the chord neural hinge (CNH), known to give rise 18 specifically to the notochord and floor plate (Catala et al., 1995) . These observations 19 demonstrate that a vast majority of cells of the tail bud are differentially fated at least at 20 HH14. The segregation between SN-and mesoderm territories in the tail bud was 21 retained at HH17 (30ss), where mesodermal population was located more ventrally to 22 the SN precursors, and was not overtly visible in the dorsal view ( Fig. 1D; n=4) . 23
24
SN precursors in the tail bud contain self-renewing cells 25
Since SN precursors are constantly present in the tail bud during the 26 secondary neural tube elongation, we reasoned that these precursors contain 27 self-renewing cells. To test this, we prepared HH17 (30ss) embryos in which SN 28 precursors had been EGFP-labeled ( Fig. 2A) . From these EGFP-embryos, a piece was 29 dissected from the SN precursor domain of the tail bud, and transplanted into the 30 corresponding region of the tail bud at the presumptive 30-32 somite level of a 31 non-electroporated HH14 embryo (24ss) ( Fig. 2A-D; n=8) . Even though the 32 experimental approaches in this study allowed us to specifically trace the EGFP-labeled 33 SN-precursors, we paid maximal attention not to take contamination of unlabeled 1 ventral cells in the tail bud that contain CNH and some paraxial mesoderm-fated cells. 2 When these manipulated embryos were allowed to develop until HH17 (30ss), 3 EGFP-positive cells were, as expected, found in the epithelialized neural tube posterior 4 to somite level 31-33. Importantly, EGFP signals were also detected in the 5 mesenchymal population in the tail bud ( Fig. 2C, E ; 6 out of 8). We further performed a 6 serial transplantation to a third host embryo ( Fig. 3F, G; 
Graded expression of Sox 2 in SN precursors 28
To explore the molecular mechanisms by which the two different 29 subpopulations of SN precursors are regulated and distinguished, we paid attention to 30 the expression of the Sox2 gene, known to be active at the earliest stages of PN and SN 31 neural tube formation (Uchikawa et al., 2011) . Indeed, the presence of Sox2 mRNA is 32 concomitant with neural epithelialization during the SN process (Shimokita & 33 Takahashi, 2011 ). In the current study, we carefully examined expression levels of Sox 1 2 in the tail bud of HH14 (23ss) chicken embryos. In situ hybridization for Sox2 mRNA 2 revealed expression in the anterior domain of SN precursors, whereas signals were 3 barely detectable in the posterior domain ( Fig. 3A, B ; n=6). We therefore switched to 4 immunohistochemistry using anti-Sox2 antibody, allowing sensitive detection of the 5 Sox2 protein. Confocal microscopic analyses virtualized nuclear Sox2 protein both in 6 the anterior and posterior domains of SN precursors with graded signals deceasing 7 posteriorly. This notion was supported by the quantitative evaluation ( Fig. 3C, F; n=15) . 8
We also compared the staining pattern of Sox2 with that of Brachyury (T) 9 protein in the tail bud of HH14 embryos. It was previously shown that in very early 10 mouse embryos, a specific epiblastic region that gives rise to both neural and 11 mesodermal progenitors (NMPs) expresses both Sox2 and Brachyury (Bra), and since 12 then, the Sox2 + /Bra + double-positive signal has been proposed as a marker for NMPs 13 with these proposals, we found that the Brachyury protein was widely distributed in the 15 tail bud as shown in the sagittal section in Fig. 3D (n=10 abruptly following neural epithelialization, as expected ( Fig. 3G; n=6) . Thus, the 20 mesenchymal cells of the HH14 tail bud were positive for Bra regardless of their 21 developmental fate. 22
To further corroborate our observation that Sox2 expression was restricted to 23 the neural fate in the tail bud, we double stained a sagittal section of HH14 tail bud for 24 the Sox2 protein (red) and the fate of the anterior primitive streak-derived mesoderm 25 (PKH-labeling). As expected, the mesoderm territory was negative for Sox2 ( Fig. 3H;  26 
n=14). 27
These results revealed an intimate correlation between the differential levels 28
Sox2 expression and different states of SN precursors in the tail bud: low and high 29 levels of Sox 2 for self-renewing-and SN-specified populations, respectively. 30 31
Augmented level of Sox 2 expression directed SN precursors to precocious 32 differentiation/epithelialization 33
To know whether differential levels Sox2 expression are functionally related 1 to the two groups SN precursors, we experimentally elevated the level of Sox2 2 expression in these cells. Similar to the experiments shown in Fig 1, the in ovo  3 electroporation was carried out at HH8 (6ss) to target the preSN epiblastic region. 4
However, if the overexpressed Sox 2 inhibited EMT/ingression of the epiblast, the 5 electroporated cells would end up in neural epithelia at later stages, which might 6 mislead interpretation. To avoid this possible confusion, we switched on the Sox2 7 expression after the electroporated preSN-derived cells ingressed as mesenchyme, using 8 the Tet-on expression system (Watanabe, et al., 2007) . 9
As shown in Fig. 4A , three plasmids were co-electroporated: 10 pCAGGS-mCherry (constitutively active), pBI-Sox2/EGFP (BI, previously called TRE, 11
is a bidirectional promoter induced by doxycycline, an analog of tetracycline; Dox), and 12 pCAGGS-Tet-On 3G (transcriptional activator which binds the tetracycline responsive 13 element (TRE) only in the presence of Dox). When electroporated embryos reached 14 HH14 (22ss), a Dox solution was administered. At the time of administration (0 hr), a 15 decent amount of ingressed cells were already found in the tail bud, which expressed 16 mCherry but not EGFP (Fig. 4A , B, E; n=7). 17
By 3 hrs post Dox at HH14 (24ss), EGFP/Sox2 started to be expressed in SN 18 precursors in the tail bud, which is consistent with the previous report that a TRE-driven 19 gene starts to be expressed after 3 hr of Dox injection (Watanabe, et al., 2007 three types of cells were observed in EGFP/Sox2-electroporated SN precursors in the 25 tail bud, which was comparable to EGFP-electroporated control cells. (Fig. 4A, C, F (Fig 4. J, K, near  4 white arrow). Since we observed no sign of apoptosis in the tail bud in these embryos 5
(not shown), it is most likely that the Sox2-elevated SN precursors underwent 6 precocious differentiation/epithelialization. into which Dox solution had been administered ( Fig. 5A, B; n=5) . 23
By 12 hrs post Dox, when embryos reached HH16, DsRed (Sox3HMG-EnR) 24 signals were detected (the onset of DsRed detection after Dox was delayed compared to 25 mCherry due to the protein configuration) (Fig. 5A, C; n=5) . Notably, at this stage, only 26 a few DsRed + cells were recognized in the tail bud probably due to the cell death of 27 Sox3HMG-EnR-expressing cells, and even this remnant of remaining cells failed to 28 participate in the secondary neural tube (Fig. 5C, D; n=5) . It clearly contrasts with the 29 observations shown in Fig 2, where transplanted EGFP + (normal) cells were actively 30 incorporated into the secondary neural tube. It is unlikely that Sox2-inhibited cells were 31 converted to mesoderm. In transverse sections, Sox 2-inhibited cells (red) in the anterior 32 domain of SN precursors, which would normally express a high level of Sox 2, werelocated near the neural tube within the territory of SN precursors ( Fig. 5E, F; n=4) . 1
These sections also confirmed that the posterior domain of SN precursors, which would 2 normally be of low Sox 2, did not contain Sox 2-inhibited cells (Fig. 5D', G, H; n=4) . 3
The distribution of single positive EGFP + cells, which did not receive the 4 Sox3HMG-EnR gene, was comparable to normal cells (Fig. 5D compare to Fig. 2; n=4) . 5
Collectively, these results suggest that a high level of Sox2 is required for the anterior 6 SN precursors to correctly be incorporated into the secondary neural tube. And even the 7 low level of Sox 2 activity in the posterior SN precursors is indispensable, particularly 8 for the self-renewing cells to survive. 9
The loss of Sox3HMG-EnR-electroporated cells was specific to SN precursors 10 since when the expression of this gene was Dox-induced in already epithelialized cells 11 in the secondary neural tube, no detectable effects were seen until HH16 ( Fig. 5I; n=7) . 12
13
Discussion 14
Using the direct labeling of SN precursors, SN-specific transplantations, and 15
SN-specific gene manipulations, we have uncovered cellular and molecular mechanisms 16
underlying the SN-mediated neural elongation in the posterior region of chicken 17 embryos. SN precursors occupy the anterior half of the tail bud at HH14, whereas the 18 posterior half is populated by paraxial mesodermal precursors. The SN precursor 19 territory was further divided into two distinct regions; one is its posterior half with 20 self-renewing cells, and the other is the anterior half more specified to the neural 21 tubulogenesis (Fig. 6 ). Sox2 plays an important role in the regulation of these two 22 distinct states of cells: high and low levels of Sox2 activities endow the neural-specified 23 and self-renewing states, respectively. 24
25
A discrete territory of SN precursors in the tail bud 26
The tail bud has long been appreciated to be critical for the posterior body 27 elongation, and the existence of precursors has been shown that give rise to the 28 secondary neural tube, and/or paraxial mesoderm, and the chord neural hinge (CNH), In this study, we have extended our previous findings that the SN precursors 4 can directly be traced in the tail bud (Shimokita and Takahashi, 2011) . These SN 5 precursors derive from the preSN region in the epiblast at HH8, which is located in 6 between Hensen's node and the anterior end of the primitive streak (Fig. 1) . By 7 focusing on the tail bud at HH14 (24ss), which displays a representative feature of this 8 structure, we have delineated SN-and mesoderm-harboring regions. The SN precursors 9 occupy the anterior half, whereas the posterior half is populated by mesodermal cells 10 derived from the anterior primitive streak, leaving the CNH unlabeled (Fig. 1J ). This 11 delineation is striking to us because several previous studies of axial elongation 12 postulated prominent NMPs in the tail bud, although these studies traced more naïve 13 cells residing in the epiblast at earlier stages than those used in the current study 14 (Fig. 2A) . Furthermore, these self-renewing cells are preferentially located in 28 the posterior half of the SN precursor territory (Fig. 2, Fig. 6 ). These posterior cells 29 undergo both self-renewal and its subsequent neural tubulogenesis (epithelialization), 30 whereas the anterior half cells only participate in the tubulogenesis without staying in 31 the tail bud. Thus, the SN precursors contain at least two subpopulations, one is 32 posteriorly positioned self-renewing cells, and the other is anteriorly located cells in a 33 transitional state (Fig. 6) . This is the first identification of SN stem cell population in 1 the tail bud. Whether a single stem cell generates both self-and differentiating cells 2 awaits further analyses. precursor territory in the tail bud, which contrasts with a relatively steady level of 8 Brachyury (T) expression both in the SN-and mesodermal precursors (Fig. 3) . We have 9 provided evidence that the AP gradient of Sox2 is important for the binary decision It is yet to be determined what generates the AP gradient of Sox 2 expression 22 in the SN precursor territory. It is known that the preSN region in the epiblast of HH8 23 embryo, from which SN precursors arise, is devoid of Sox2, although its adjacent neural 24 plate/epiblast (i.e. primary neurulation tissues) expresses this gene, and also that this 25 preSN-specific inactivation of Sox2 requires BMP4 (Takemoto et al., 2006) . It is 26 conceivable that the AP gradient of Sox 2 expression in the tail bud is also regulated by 27
BMPs expressed in the tail bud and its surrounding tissues (Takemoto et al., 2006) . self-renewing cells, respectively. 10
